Spinal muscular atrophy (SMA) is a neurodegenerative disease caused by loss of survival motor neuron-1 (SMN1). A nearly identical copy gene, SMN2, is present in all SMA patients. Although the SMN2 coding sequence has the potential to produce full-length SMN, nearly 90% of SMN2-derived transcripts are alternatively spliced and encode a truncated protein. SMN2, however, is an excellent therapeutic target. Previously, we developed antisense-based oligonucleotides (bifunctional RNAs) that specifically recruit SR/SR-like splicing factors and target a negative regulator of SMN2 exon-7 inclusion within intron-6. As a means to optimize the antisense sequence of the bifunctional RNAs, we chose to target a potent intronic repressor downstream of SMN2 exon 7, called intronic splicing silencer N1 (ISS-N1). We developed RNAs that specifically target ISS-N1 and concurrently recruit the modular SR proteins SF2/ASF or hTra2 1. RNAs were directly injected in the brains of SMA mice. Bifunctional RNA injections were able to elicit robust induction of SMN protein in the brain and spinal column of neonatal SMA mice. Importantly, hTra2 1-ISS-N1 and SF2/ASF-ISS-N1 bifunctional RNAs significantly extended lifespan and increased weight in the SMN 7 mice. This technology has direct implications for SMA therapy and provides similar therapeutic strategies for other diseases caused by aberrant splicing.
INTRODUCTION
Spinal muscular atrophies (SMA) (MIM 253300; 253550; 253400; 271150) are a heterogeneous group of neuromuscular disorders characterized by degeneration of lower motor neurons in the anterior horn of the spinal cord. The progressive loss of innervating -motor neurons causes denervation of voluntary muscles, leading to muscle weakness, and muscle atrophy of the limbs and trunk. SMA is the second most common autosomal recessive disorder after cystic fibrosis. SMA is the leading genetic cause of infantile death worldwide with an incidence of ~1 in 6,000 live births 1 and a carrier frequency of ~1 in 35. 2 There are two nearly identical gene copies of SMN located on chromosome 5q13. The telomeric copy of the gene is SMN1. In humans, a genomic duplication and inversion event has resulted in a second copy of the gene-termed SMN2. The disease is caused by the loss of the survival motor neuron-1 (SMN1) gene, whereas each patient retains at least one SMN2 copy. Despite the ubiquitous expression of SMN, motor neurons are particularly sensitive to low levels of SMN, resulting in the development of SMA.
A variety of molecular strategies and therapeutic approaches have been developed to attenuate the SMA disease severity, some of which are SMN-dependent, while others are SMN-independent, including: histone deacetylase inhibition; 3, 4 central nervous system-targeted gene therapy utilizing an adeno-associated virus vector; 5-9 lentiviral SMN gene transfer; 10 SMN2 modulating oligonucleotides; [11] [12] [13] [14] [15] [16] [17] read-through of an SMN2 stop codon; 18, 19 induction of muscle growth; 20 and altering actin cytoskeletal dynamics. 21 The presence of SMN2 represents a unique therapeutic target for SMA because the SMN2 gene has the capacity to encode a fully functional protein, and all SMA patients have retained at least one copy of SMN2.
Alternative splicing plays an important role in gene expression and abnormal splicing has been recognized as a cause of an increasing number of diseases. 22 With regard to SMA, SMN1 and SMN2 encode identical proteins, however, in contrast to SMN1, which primarily produces full-length mRNA transcripts; SMN2-derived transcripts undergo alternative splicing resulting in low levels of functional protein. This is due to a silent C to T transition found at position 6 of exon 7. 23 Nearly 90% of SMN2-derived transcripts encode a truncated protein that lacks the final coding exon (exon 7). 24 Pre-mRNA splicing of SMN exon 7 is regulated by a variety of cisand trans-acting factors and is catalyzed by a complex macromolecular machine termed the spliceosome. Regulation of the SMN2 exon 7 alternative splicing event in SMA depends on several non-spliceosomal factors that bind to pre-mRNA sequences called exonic or intronic splicing enhancers and silencers [exonic splicing silencers or intronic splicing silencer (ISSs)]. The role of these enhancer and silencer motifs is to promote or repress the splice-site decision. It has been previously shown that there are a multitude of alternative splice signals within and flanking SMN exon 7. 3, 25 Antisense oligonucleotides (ASOs) targeting regulatory elements have become powerful tools to modulate alternative splicing. We and other labs have previously developed bifunctional RNAs as a means to modulate SMN2 splicing to increase exon-7 inclusion. 11, [26] [27] [28] [29] [30] Bifunctional RNAs derive their name from the presence of two functional domains: an RNA sequence that is complementary to a specific cellular RNA (e.g., SMN exon 7, intron-6); and an untethered RNA segment that serves as a sequence-specific binding platform for cellular splicing factors, such as SR proteins. In the initial design, the 5 end of exon 7 was targeted with the antisense element; however, it was possible that an antisense sequence within exon 7 does not allow for proper recognition of the necessary splicing signals. To enhance the activity of the SMN bifunctional RNAs, we developed a set of RNAs that targeted an intronic repressor within intron-6, Element 1. By targeting a repressor sequence with the antisense sequence, there was a twofold mechanism of SMN induction: inhibition of the intronic repressor and recruitment of SR proteins via the SR recruitment sequence of the bifunctional RNA. Since the SMN2 exon 7 region is highly regulated and additional negative regulatory elements exist, in the present study, we have targeted a potent intronic silencer of SMN2 exon 7 inclusion with a new generation of bifunctional RNAs. SMN2 exon 7 has a weak 5 splice-site likely due to a nonconsensus U1 snRNA binding site found within that region. 31 Previously, it has been determined that there is a unique silencer adjacent to the U1-binding site within intron 7 that can modulate exon 7 splicing termed intronic splicing silencer N1 (ISS-N1). 32 Therefore, we developed bifunctional RNAs that specifically target the ISS-N1 region located in SMN intron 7. The 2 -O-methyl bifunctional RNAs were delivered directly into the central nervous system of SMA mice via intracerebroventricular (ICV) injections. 11, 26, 27, 33, 34 RNA injections were able to elicit a strong induction of SMN protein in the brain and throughout the spinal column of neonatal SMA mice. The mean life span as well as the percent weight gained after the injections was extended following the delivery of bifunctional RNAs. Additionally, the motor skills of the treated animals were significantly improved. These results demonstrate that bifunctional RNAs are a means to increase SMN expression and reduce disease severity in an important model of disease. This type of treatment has direct implications not only for the development of a SMA therapy, but demonstrates the utility of antisense RNAs for a number of diseases caused by abnormal pre-mRNA splicing.
RESULTS

Development of bifunctional RNAs targeting ISS-N1
To increase full-length SMN expression from SMN2, we targeted the potent ISS-N1 repressor with a series of bifunctional RNAs that contained three tandem repeats of high-affinity exonic splicing enhancers for hTra2 1 or SF2/ASF. Both of these SR proteins have been previously shown to mediate high levels of SMN exon 7 inclusion 35, 36 (Figure 1) . As a means to assess activity of the RNA molecules in a cell-based model of disease, the bifunctional RNAs and control RNAs were transfected into primary fibroblasts derived from a type I SMA patient. SMN localizes to discrete nuclear bodies termed Gemini-of-coiled-bodies or gems; the frequency of gems is considered a surrogate marker for total SMN protein levels. 37 Following transfection of the bifunctional RNAs into SMA fibroblasts, SMN-positive gems were markedly increased (Figure 2a) . A quantitative analysis of the transfected cell populations demonstrated that the hTra2 1 or SF2/ASF bifunctional RNAs significantly elevated gem numbers several fold above cells transfected with a negative control RNA of similar size or in mock transfected cells (Figure 2b) . Based upon these results in a relatively straightforward disease context, we next examined the ISS-N1 bifunctional RNAs in a more complex disease context, a SMA mouse model.
Bifunctional RNAs targeting the ISS-N1 repressor increase SMN protein levels in the SMN 7 mouse model
To determine whether the bifunctional RNAs specifically designed to target the ISS-N1 repressor could elevate SMN levels in vivo, we performed ICV injections on 1-day-old SMA mice (PND1). The advantages of ICV injections are the direct delivery of RNAs into the central nervous system as the injection bypasses the bloodbrain barrier, the rapid distribution throughout the spinal column, and the ability to deliver relatively high concentrations of the modified RNAs. To assay in vivo activity, we selected the SMN 7 model. These animals lack the murine Smn, but have two copies of human SMN2 and expresses the SMN 7 complementary DNA The organization of the bifunctional RNA is illustrated with the antisense domain targeting the sequences of the ISS-N1 repressor; with high-affinity exonic splice enhancer sequences for either transformer-2 protein homolog (hTra2 1) or splicing factor2/alternative splicing factor (SF2/ASF). The ISS-N1 bifunctional RNAs have an uninterrupted antisense specific for ISS-N1 with an additional six nucleotides downstream to ensure coverage of the negative region. In addition the RNA has a linked domain that contains triplicate exonic splicing enhancer (ESE) recruitment domains (data not shown).
from a separate transgene (Smn −/− ; SMN2 +/+ ; SMN 7 +/+ ). 38 This animal model is widely used for translational studies based upon several factors including: representation of a relatively severe form of SMA with loss of lumbar motor neurons and progressive muscle weakness; the rapid attaining of peak body weight at approximately PND10; the quantifiable nature of gross motor deficits such as inability to walk and right themselves; and the presence of SMN2 allowing the analysis of SMN2 splicing modulators. In order to deliver the RNAs to the central nervous system, we used ICV injections of the ISS-N1 antisense-alone, the SF2/ASF-ISS-N1 and the hTra2 1-ISS-N1 bifunctional RNAs on PND1, PND3, and PND5. Two hours following the last injection on PND5, brain and spinal cord tissues were harvested and protein extracts were generated to determine SMN levels by a minimum of five western blots per sample group. Consistent with the cell-based analysis, the delivery of either the SF2/ASF-ISS-N1 or the hTra2 1-ISS-N1 bifunctional RNAs significantly increased SMN protein levels in the brain and spinal cord (Figure 3a,b) . Lower levels of SMN were detected when an antisense oligonucleotide was injected that lacked the exonic splicing enhancer-recruitment motifs (ISS-N1).
As expected, very low levels of SMN were detected in untreated SMA pups and SMN levels in aged-matched heterozygous/unaffected littermates were much higher. Densitometric analysis of the blots revealed a significant increase in SMN protein in brain and spinal cord tissues from animals injected with either of the bifunctional RNAs (Figure 3) . We observed a trend toward increased SMN protein levels in the ISS-N1 antisense samples compared to the noninjected controls, although statistical significance was not achieved (Figure 3a,b) .
Delivery of 2 -O-methyl bifunctional RNA increases weight gain in the SMN 7 model
To determine whether increases in SMN led to a lessening of the SMA phenotype, we next analyzed body weight of treated and untreated SMN 7 mice. While this is a relatively severe model, SMN 7 animals gain weight during the first 10 days of life, although not at the same rate as unaffected animals. On PND1, PND3, and PND5, an ICV injection was administered that delivered 6 g/day of the respective RNAs (scrambled; ISS-N1 antisense alone; SF2/ASF-ISS-N1 or hTra2 1-ISS-N1) and animals were weighed daily. Animals treated with the bifunctional RNAs (SF2/ASF-ISS-N1 and hTra2 1-ISS-N1) reached a higher average peak weight on PND8-13 and continued to maintain significant weight compared to the animals that received the negative control injection (scrambled) or noninjected groups. These data are consistent with the previous western blot results showing that the bifunctional RNAs elevated SMN levels. Interestingly, the animals injected with the RNA targeting only the ISS-N1 repressor region (ISS-N1) also showed increased weight compared to the untreated and scrambled ASO-treated animals, although the weight gain was not as significant compared to the bifunctional RNAs (Figure 4a) .
To determine whether an increased dose would lead to a greater increase in weight, we increased the concentration of the oligonucleotide injections on PND1, PND3, and PND5 by tenfold compared to the initial concentration. Again, the treated animals showed significant weight gain compared to the control groups, and bifunctional-treated animals were able to achieve nearly 5 g (Figure 4b ). As before, weight increase was observed as early as PND6, and some of the treated animals gained ~5-15% more weight than the animals injected with the lower concentration of the same bifunctional RNAs (Figure 4b) . In side by side comparison of both treatment concentrations, the mice injected with hTra2 1-ISS-N1 and SF2/ASF-ISS-N1 show a significant increase in weight gained, and although the effect was modest, the 10× concentration resulted in greater weight gain for all bifunctional RNA-treated animals. Injection of the bifunctional RNAs into unaffected animals did not alter weight gain (data not shown). For a more thorough picture of the differences in weight gain between the experimental groups, we plotted the individual weights for each animal on PND11. We selected PND11 since this was the day when the untreated SMN 7 mice reached their peak weights. The low-and high concentration-treated animals significantly outperformed their littermates from noninjected and scramble-treated groups (Figure 4c,d) . The scatter plots highlight that several animals treated with the high concentration of the bifunctional RNAs reached weights between 6 and 7 g, significantly higher than the typical weight for the SMN 7 at this age (~3.5 g). Collectively, these results demonstrate that bifunctional RNAs lessen the severity of the disease phenotype and result in increases in weight not achieved by the antisense alone (Figure 4c,d) .
Significant improvement in gross motor function observed in animals treated with bifunctional RNA
To determine whether the bifunctional RNA injections impacted the gross motor function of the treated animals, we measured time-to-right for all experimental groups. Time-to-right was previously shown to be a sensitive measurement of gross motor function for SMA animals. 20, 39, 40 Animals were placed on their backs and the time required to turn upright was measured. The test was terminated at 30 seconds and if an animal had not turned by this time, it was recorded as "30 seconds. " Time-to-right success rate and speed tests were initiated on PND7 because unaffected animals start to turn over at this time; trials concluded on PND17. A significant improvement (smaller bars) in the motor functions of all groups injected with bifunctional RNAs was observed. Animals from the SF2/ASF-ISS-N1-injected group were able to right themselves on average within 15 seconds and the mice injected with hTra2 1-ISS-N1 were able to right themselves within 10 seconds on each day (Figure 5a) . Mice injected with the ISS-N1 antisense also showed a significant improvement in motor performance compared to both negative control groups (Figure 5a-d) . A substantially greater percentage of the pups treated with bifunctional RNA were able to right when compared to either the antisense alone or the negative controls (Figure 5b) . The individual righting measurements for PND11 are emphasized for the individual animals from each treatment group and the controls. Notably, only a small number (n = 3) of the nontreated animals can right themselves and no animals (n = 0) from the scrambled RNA injected group were able to right. In contrast, the bifunctional RNA treated animals, on average, could perform the time-to-right test within ~10 seconds and all of the animals could right themselves (Figure 5c) . The antisense-alone treated animals were also improved compared to the negative controls, although the average time-to-right was slower than the bifunctional-treated groups (Figure 5c ). Bifunctional RNA treatment increases survival in the SMN 7 mouse model The SMN 7 mice die prematurely following progressive muscle weakness, having an average lifespan of <2 weeks. 38 To determine whether ICV injection of the bifunctional RNAs extended survival of the SMA animals, lifespan for each treatment group was analyzed by Kaplan-Meier survival curves and compared to the lifespan of the animals from the control groups. ICV delivery for the ISS-N1 antisense or the ISS-N1 bifunctional RNAs significantly increased the average lifespan of the SMA mice, compared to either noninjected or scramble-treated animals (Figure 6a,b) . The median survival for the SF2/ASF-ISS-N1-and hTra2 1-ISS-N1-treated animals increased to 19 and 20 days, respectively (Figure 6b) . The antisense-alone RNA targeting the ISS-N1 repressor also increased the median survival of the tested animals to 16.5 days (Figure 6c) . Additionally, the extension of the lifespan of the treated animals was similar for the low and high concentrations of the RNAs administered (Figure 6b,c) . Collectively, these results demonstrate that bifunctional RNAs can be identified that increase SMN in cell-based assays that can then be used to reduce disease severity in more complex experimental models, the severe SMN 7 mice.
DISCUSSION
RNA therapeutics, and antisense strategies specifically, have been the subject of considerable investigation in recent years. Antisense molecules are being investigated in a variety of clinical trials, including Duchenne muscular dystrophy and amyotrophic lateral sclerosis. In the SMA field, our lab has provided further evidence that the use of antisense RNA and bifunctional RNAs can increase SMN protein levels in an important preclinical model of the disease. The results presented here demonstrate that administration of bifunctional RNAs that target ISS-N1 are beneficial in a relatively severe model of SMA. Our strategy in designing these bifunctional RNAs was two-pronged: inhibit ISS-N1 through the antisense component, and at the same time recruit known activators of SMN exon-7 inclusion: SF2/ASF or hTra2-1. Through mutagenesis and antisense approaches, several labs have highlighted the importance of ISS-N1 in cultured cells and more recently in SMA animal models region. 5, 12, 16, 32, 41 Using the 2 -O-methyl chemistry, we demonstrate that the antisense alone molecule that targets ISS-N1 is sufficient to increase SMN as well as extend the life span of the SMN 7 model. The bifunctional RNAs, which along with the ISS-N1 antisense also contain a recruiting platform splicing factors, provide an additional benefit above the antisense alone. Recent work using the 2 -O-(2-methoxyethyl) phosphorothioate-modified antisense chemistry has demonstrated that additional backbone chemistries can be used to alter the activity of antisense RNAs, likely by extending the half-life and/or altering cellular uptake. Remarkably, an antisense molecule targeting ISS-N1, called ASO-10-27, can nearly completely reverse the SMN2 splicing pattern for several months following the final administration of ASO- 10-27. 13 In this work, a transgenic model was examined that does not present a detectable SMA-like phenotype, however, the endogenous Smn gene is knocked-out and four copies of SMN2 are present. Although postnatal delivery of the RNA does not rescue the tail and ear necrosis common to this model, a single embryonic administration does ameliorate nearly all of the necrosis as well as correcting the SMN2 splicing defect. When ASO-10-27 was delivered via ICV injection to SMN 7 mice, this resulted in a significant extension in median survival from 16 days to 17-25 days, depending upon the concentration injected at P0. 34 In our current work, the bifunctional RNAs result in an extension of medial survival to 18-20 days, although the longest lived animals in our experiments lived ~25 days, compared to the 50+ days observed in the ASO-10-27-treated animals. The antisense sequence used in our current studies overlaps ASO-10-27 in its entirety and extends for an additional three nucleotides down the 3 end of the SMN transcript (e.g., ASO-10-30). In the present experiments, the bifunctional RNAs perform better in many of the experiments compared to the ASOalone counterpart, suggesting that the recruiting platforms of the bifunctional RNAs confers even greater levels of SMN protein production. However, the direct comparison between our bifunctional RNAs and ASO-10-27 is not possible in this report as the chemistries of the compounds are significantly different. Clearly, however, our antisense alone RNA is not nearly as effective as the comparable 2 -O-(2-methoxyethyl) chemistry and the ideal comparison would be to synthesize the bifunctional RNAs with a variety of chemistries and compared to the antisense-alone molecule. It is important to state that these experiments were not designed to compare and contrast a variety of backbone chemistries, rather they were designed to determine the utility of bifunctional RNAs and if bifunctional RNAs conferred a greater level of activity in a SMA mouse model compared to the antisense alone. Using the 2 -O-Methyl chemistry presented in the current experiments, the bifunctional RNA conferred greater activity in many of the assays we examined.
Alternative splicing is a complex event where many cisand trans-elements work in a coordinated and dynamic manner leading to gene expression control that can be modulated temporally, developmentally, and spatially. This work and that of others highlight the importance of understanding the molecular constituents that regulate SMN splicing as a means to identify potential targets for therapeutics. SMN1 exon 7 is a constitutively included in nearly all transcripts, whereas SMN2 exon 7 is largely excised and is regulated by a complex and dynamic suite of cisand transfactors. The region immediately downstream from exon 7 is an intriguing target for therapeutics as it appears to function as a nucleation point for hnRNP-A1 which in turn functions as a potent repressor of exon-7 inclusion. A variety of antisense molecules, including those reported here, have been developed that are designed to block the formation of the secondary structure of the ISS-N1 region and/or the ISS-N1/hnRNP-A1 complex. Recently, an additional factor has been identified that interacts near the ISS-N1 site, slightly downstream in intron 7, called TIA1. 42 A number of translational programs are accelerating in SMA research, including small molecules, gene therapy, and antisense RNAs. The most striking results have been obtained using selfcomplementary adeno-associated virus vectors to deliver fulllength SMN complementary DNA. 5, 6, 8, 9 Rather remarkably, four independent laboratories have recently reported exceptionally similar dramatic extensions in survival and near reversals of the SMA phenotype. Small molecules have a relatively well-defined pathway for US Food and Drug Administration approval; however, it is likely that biologics such as gene therapy, ASOs, and cellular therapies will be greatly enhanced once delivery and sustainability issues can be examined in a larger animal model of disease, such as swine. Recently, the initial characterization of the swine SMN gene has been reported and the development of a pSMN heterozygous animal (pSMN +/− ) has been completed. 43 An important distinction between gene replacement and RNA-based therapeutics is that ASO-based applications alter expression of the native endogenous SMN2 transcript, and therefore, spatial and temporal expression is dictated by the natural promoter. It will be of particular interest to determine whether this regulatory nuance is advantageous for RNA-based therapeutics compared to gene replacement.
MATERIALS AND METHODS
Animal procedures. All animals were housed and treated in accordance with Animal Care and Use Committee guidelines of the University of Missouri, Columbia, MO. Smn −/− ; SMN2 +/+ ; SMN 7 +/+ mice 38 were genotyped on the day of birth, and injected on PND1. ICV injections were performed on PND1, PND3, and PND5 as previously described. 26, 33, 44 Briefly, mice were immobilized via cryoanesthesia and injected using microliter calibrated sterilized glass micropipettes. The injection site was ~0.25-mm lateral to the sagittal suture and 0.50-0.75 mm rostral to the neonatal coronary suture. The needles were inserted perpendicular to the skull surface using a fiber-optic light (Boyce Scientific, Gray Summit, MO) to aid in illuminating pertinent anatomical structures. Needles were removed after 15 seconds of discontinuation of plunger movement to prevent backflow. Mice recovered for 5-10 minutes in a warmed container until movement was restored. Single injections of 6 l (1 g/1 l and 10 g/1 l, respectively) of each 2 -O-methyl oligonucleotides were delivered ICV as described above for all mice.
-O-Methyl RNAs.
The following oligos were modified at every base with 2 -O-methyl groups (IDT, Coralville, IA); hTra2 -ISS-N1, 5 -GAA GGA GGG AAG GAG GGA AGG AGG GAU UCA CUU UCA UAA UGC UGG-3 , SF2/ASF-ISS-N1, 5 -CAC ACG ACA CAC GAC ACA CGA GAU UCA CUU UCA UAA UGC UGG-3 , and negative control RNA, scrambled 5 -CCU UCC CUG AAG GUU CCU CC-3 .
Immunofluorescence imaging. For all immunofluorescence staining, subconfluent type I patient fibroblasts cells (3,813 cells; Coriell Cell Repositories, Camden, NJ) were transfected in eight chambered slides (BD Biosciences, Bedford, MA) with 2 -O-methyl RNA oligonucleotides, incubated for 48 hours in Dulbecco's modified eagle medium supplemented with 10% fetal bovine serum and antibiotics. Transfected cells were fixed with a solution of acetone/methanol (1/1 vol/vol) and then washed with phosphate-buffered saline (PBS) (Gibco Cell Culture; Invitrogen, Carlsbad, CA). Cells were then blocked in PBS + 5% bovine serum albumin and then washed again in PBS. A pooled group of three previously described anti-SMN monoclonal antibodies was added, diluted 1:10 in PBS + 1.5% bovine serum albumin. 32 Cells were washed again in PBS and a secondary monoclonal antibody, an antimouse conjugated to Texas red (The Jackson Laboratory, Bar Harbor, ME), or conjugated to Fluorescein isothiocyanate (Sigma-Aldrich, St Louis, MO) for either the plasmid or 2 -O-methyl transfected cells, respectively, diluted 1:200 in PBS + 1.5% bovine serum albumin. After washing in PBS, DAPI was added to each chamber for 5 minutes, and samples were washed again. Chambers were then fitted with cover slips using mounting media (DABCO Thermo Fisher Scientific, Pittsburgh, PA, 2.3% (wt/vol), 10% PBS, 87.7% glycerol) and sealed with nail polish. Microscope images were captured using Nikon Eclipse E1000 using Meta-Morph software (Nikon, Melville, NY). Cells for gem counting were chosen at random. Each randomly chosen nucleus was examined for nuclear gem accumulation and gems were counted.
Western blots. For the SMN 7 mouse western blots, indicated tissues were collected at selected time points and immediately frozen in liquid nitrogen. Tissue samples were placed at −80 °C until ready for analysis. Roughly 100 mg of tissue was homogenized in JLB buffer (50 mmol/l Tris−HCl pH 7.5, 150 mmol/l NaCl, 20 mmol/l NaH 2 (PO 4 ), 25 mmol/l NaF, 2 mmol/l EDTA, 10% glycerol, 1% Triton X-100, and protease inhibitors (Roche, Indianapolis, IN)). Equal amounts of protein were separated on 12% sodium dodecyl sulphate-polyacrylamide gel electrophoresis gels. SMN immunoblots were performed using a mouse SMN-specific monoclonal antibody (BD Biosciences, San Jose, CA) diluted 1:3,000 in TBST (Trisbuffered saline Tween-20 (10 mmol/l Tris-HCl, pH 7.5, 150 mmol/l NaCl, 0.2% Tween-20)) in 1.5% dry milk. Then blots were visualized by chemiluminescence on a Fujifilm imager LAS-3000 and the corresponding software. To verify equal loading the Westerns were then stripped using H 2 O 2 for 30 minutes at room temperature and reprobed with anti--actin rabbit and anti-rabbit horseradish peroxidase secondary antibody. Western blots were performed in quadruplicate or more and representative blots are shown.
